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ABSTRACT
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Washington 25, D.C.

The injection of gra negative endotoxin into the systemic venous

system of dogs, generally causes a fall in lung compliance and a rise in

resistance to airflow. These changes did not occur if the endotoxin was

injebted through the portal system. Heparin in average dosage was not

effective in preventing the respiratory change.

The diffusing capacity of the canine lung for carbon monoxide (D GO)

was generally diminished by systemic intravenous endotoxin and pulmonary

capillary blood volume (Vc) fell significantly.

In humans, DLCD increases with increasing lung volume (VL) due

primarily to a rise in Vc. The ratio Vc/VL does not change with incrotsing

VL in normal subjects, and may provide a useful standard for the study

of patients.

Note: Copies of this report are filed with the Armed Services Technical
Information Agency, Arlington Hall Station, Arlington 12, Virginia
and may be obtained from that agency by qualified investigators
working under Goverranet contract.
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A. COMPLIANCE AND AIRWAY RESISTANCE

1. Studies in dogs.

We have reported previously on changes in the ventilatory mechanics
1-2-3-4

during hypovolemic and endotoxic shock. We noted a rise in

compliance and a fall in resistance to airflow during acute hypovolenic

shock. Following the intravenous injection of endotoxin we noted in

general a tendency for compliance to fall and resistance to airflow to rise.

Ieparinization of the animal prior to the injection of endotoxin appeared

to interfere with this response. During the past year we have attempted to

evaluate more carefully this response to endotoxin especially with relation

to varied dosage and heparinization. The ability of the liver to neutralize

endotoxin has also been investigated. We have studied, in addition, the

earlf effect of intraperitoneal sepsis caused by contamdnation with liquid

feces.

Methods

The method utilized in determining the airflow resistance and lung
1-3

compliance of dogs has been discussed previously and described in detail.

A series of 21 dogs were studied and divided into four groups.

In Group I following control studies six dogs were given gram negative

endotoxin intravenously in varied dosage and ventilatory mechanics studied

thereafter.

Group II consisted of six dogs fully heparinized and then treated in a

manner similar to the dogs in Group I. Two of these dogs were given 1 ml.

of endotoxin per kilo. of body weight and four of them received 2 ml. of

endotoxin per kilo.

A
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Group III consisted of four dogs in which following anesthesia the abdomen

was opened, the splenic vein isolated and cannulated with a polyethylene

catheter. The abdomen was then closed tightly around the catheter and the

animal placed in the body plethysmograph. Following control studies endotoxin

was administered intravenously through t.,a splenic vein. One dog was given a

dose of 2 ml. per kilo and the other three received 4 ml. per kilo of body

weight.

Five dogs in Group IV had control studies carried out; the dogs were then

removed from the plethysmograph and strained fecal material diluted in 150 cc.

of saline was injected into the peritoneal cavity. The animals' ventilatory

mechanics were then studied for three to five hours following the procedure.

Results

"In Taile I are grouped eleven dogs given endotoxin through the systemic

vein. None of these animals received heparin. Five dogs (I-V) were reported
2

previously with the results corrected in one case (V). The other six animals

comprise Group I studied during this year. The dosage of endotoxin varied as

indicated. Blood pressure fell in ten of eleven dogs but a marked fall was

noted in only seven. Lung compliance fell in eight, was unchanged in tv -xnd

rose in one animal. Resistance rose in seven animals, fell in three and was

essentially unchanged in one.

The results in the second group of dogs is Ustod in Table IL. These six

dogs were fully heparinizod prior to administration of gram negative endotoxin.

In all six of these animals both the compliance and blood pressure fall

significantly. Resistance rose in four, fell in one and was unchanged in ono.

,!I,
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Table III indicates the results in four non-heparinized dogs given

endotoxin through the splenic vein. In this instance the blood pressure fell

in each case. Resistance to airflow also fell in all four of the animals

but a fall in compliance was noted in only one.

The five dogs in Group IV were subjected to peritonitis due to the

instillation of liquid feces. The results are listed in Table IV. No definite

trend was noted in this group. Resistance rose markedly in one dog (II).

This animal was sick to begin with and had a marked purulent discharge from

the nose. The initial resistance was high at 9 cm. H20/L/ see., rose fourfold

rapidly and the animal died in four hours. Dog five (V) had a gradual increase

in resistance accompanied by a rising compliance. Dog three (III) tended

-tbward an increased resistance with a fall in compliance. The other two

animals were essentially unchanged during the period of study. All died

within twelve hours.

Discussion

The administration of endotoxin into the systemic vein generally

resulted in a rise in resistance to airflow and a fall in lung compliance,

as others5 have noted. In this series, no good relationship could be notud

between the size of the dose and the magnitude of the response. Heparin

10000 UBP units given I.V. prior to endotoxin administration failed to

prevent the responses contrary to our first impressions.2 A protective

action by Heparin has been noted by others. Two major problems in this

study deserve mention. The first is the possibility that the resistance of

the animal to ,andotoxin varies. The second is the known variation in the

potency of the endotoxin. We were able to check this only grossly and at
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intervals. One mixture used in a number of dogs proved to have little potency

and the studies were discarded. The ineffectiveness of Heparin was a surprise.

2Our ov initial results •ith Heparin were noted by accident and at a time

when we were unable to check on the potency of the endotoxin so we decided to

continue the study with more potent material. We do not conclude that Heparin

is of no value at all but certainly not in the dosage used (10,000 units per

dog) in conjunction with the amount of endotoxin we gave.

4hen the ondotoxin was administered through the portal system the lung

changes were largely prevented, although the blood pressure did fall. Since

the dose of ondotoxin was rather large, it indicates that the liver has a

large capacity for inactivating this material. Either the circulatory

response is more sensitive than the lung response or the factor causing it is

not removed by the liver. It will be of interest to see if even larger doses

of ondotoxin, similarly administered can overcome this protective effect.

The effect of peritonitis requires considerably more -study 'especially

Just prior to the death of the animal. Only two studies were carriod out

near death (II-V). We are attempting to invostigate this period at present

and also to increase tho survivril time to see if the lung changes become

significantly worse as has boon predicted.6" The marked change in dog two

(I) is interesting in view of the known respiratory disease. Any similarly

ill dogs will also be studied and lung specimens obtained at death.

2. Studios on humans

Nine additional studies of Ward patients have been carried out. Seven

were preoperative problemsj two wore studied while on Armine with a normal

blood pressure and then during the attempted withdrawal of the drug with a



-5-

moderate hypotension. Both of these patients, several days prior to the stucdy

had a probable pulmonary embolus. Both were postoperative and both recovered.

Patient R.A. had a marked hypoxenia even on high concentrations of oxygen.

Unfortunately, the equipment for measuring lung volume had not arrived at the

time of these studies. The results are listed in Table V.

:1! 1:



S Fc ENDOTOXIN - NO IEPARIN TABLE. I

COrnOL IM. POST-. - 2 Er.
EMOTOXIN

Do!z IIGH DOSE Mgm/Eg. B.?. C R BoPo C R B.P. C a

10 20 2.0 120 .05 3.0 14h .02 9.0 88 .04 3.3

II 13 20 L.5 140 .07 2.2 60 .05 3.0 50 .03 -o7

.w. 10 20 2.0 91 .09 3Ao 70 .09 2.3 0 o 1o 2-7

IV 14 20 1.5 145 .07 1.8 low .04 2.1 82 #03

v 10 20 2.0 35 .04 3•.•1 35 .04 3.5 103 .0

13 6 0.5 171 .07 3.1 .09 2.5 151 .07 2.6
100w

VII 17 13 0.75 170 '09 3.3 93 .05 4.0 116 .0 C)

20. 1,2 20 .C 4:
,III 17 20 1.2 200 .08 4.0 170 .07 4.3 195 .03 L,.

lX 10 10 1545o 8 .6 ..8 .2110• 1o . . 3.1

x 14 9 0,6 191 .04 5.5 11g ,03 6.2 99 .C 5.- 0

10 30 3.0. 3140 .06 L 4 86 *05 3.1 91 *C*

•hi-ht- ilograme

flc~e * Nm. of Raidotwad~n
.P. ,, Blood Pressure In am. Hg.

c - LMIg COzUpMOe .i l•n • /ou..lfQ
R a Resistw/..to o;@ In .a .B/l.-- ..

* 4:



TABLE II

Co"INTRO-1 11*1o POST-
CO}TiZOL " PST - !. Wr.o

E 'T\T1)0 MIC O i.d

ElY'" V '-• -, .P. C E B.P. C IBC B-? c

i II

"20 ! j .1' .06 6.,-, 3 "2 10 2.7

""' 3 26 2.0 6 A 03 h.646 0o6 4.9

:-,_ 2 210 22. .1 ho6 3_ .o1 6,9 7_ 0 • .

- i 7i

::v i 5; . :•, 0 4.6 04 3L'ý82 o! i81 ,i •

"" ,_0 ... 2.0 4.. i .0 8- 8' ,-.0 7 .3 2,

G. -- uo -. 6 7, 3
•i 70•

"o .0 .2 05.
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TOBL IIl

SP•.2 V2CC S2IFS

Ofh -i0L XIIM. POST- - 1 fo
vFDOOTOBN

DOG W•iGi D'ZSE B.P. R C B.P. R 3 B.?. R C

26 6.8 .11 60 4.1 .12 113 5.0 .10

614 2.9 .10 51 2.4 .07 117 2.8 .10

Zi i .4 56 I16 4.2 .05 114 3.0 .05 134 3.4 .05

10 o 40 1 126 3.8 .09 44 1.6 .14 139 2.0 .12

C " azJ Coz1i o in liter3/cr.Eq
=.cto airflow in cm. 12 0liter/sec,

VNI
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B. PULMONARY DIFFUSION STUDIES

1. Studies in dogs.

The diffusion capacity for carbon monoxide (DLCO) was studied in dogs

using the single-breath technique. The results of the studies in anemia,

acute hypotension, irreversible hemorrhagic shock, after early retansfusion

and the effect of prolonged anesthesia have been reported1 and are summarized

in Figure I.

The present studies were carried out to investigate the effect of the

intravenous injection of gram negative endotoxin on the DLCO and pulmonary

capillary blood volume (Vc). They comprise our first effort to utilize our

new equipment for the diffusion studies.

Method

The techniqie for studying DLCO, Vc and Dm (membrane diffusion) in dogs

has been described previously.I12-3-4 In the present studies however,

alveolar PO2 was measured by a Beckman E-2 Oxygen Analyzer and alveolar PCO2

by an Instrumentation Laboratory CO2 electrode. These had been measured

previously by the Scholander technique.

A total of five dogs were anesthetized lightly with Pentathol and

control studies carried out. Each animal was then given intravenous

endotoxin and shortly thereafter the studies were repeated. The hei,.atocrit

was obtained on all animals before endotoxin but on unlv three post-endotoxin.

Pulmonary capillary red ceal mass (Vrbo) was obtained from the Ve and the

bematocrit. The ratio VVrbo - Drbc was also caloulated, both for the
1

present studies and for those reported previously. Drbc equals the

SWfusing capacity of 1 ml. of red blood ceols in the lung oapillaries.

I:
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Results

Table I indicates the results obtained in the five dogs. In dogs I

and II the results in shock are calculated on the basis of there being no

change in the original hematocrit and are therefore probably incorrect but

demonstrate the same trend seen in the other three studies.

In each instance a marked fall in Vc occurred and in general a fall

in DL. Dh was even more variable than in the past and reached infinity on

three of these studies.

Doq V was studied immediately after endotoxin and then about 15 - 3(0

minutes later. Vc rose briefly in this animal and then fell abruptly in

the second study.

Discussion

The effect of intravenous injection of gram negative endotoxin on

pulmonary diffusion and capillary blood volume appears to be a fall in Vc

and in general a fall in DLCO. This is essentially similar to the effect

of acute shock as noted in Figure I At the time that these studies were

done the blood pressure was in each instance well below the normal level.

The result in Dog V in which the Ve initially rose is of interest, since

according to other authors endotoxin ceases a release of Serotonin5 in the

lung and it is known that Sarotonin is a pulmonary vein constrictor and

amass en increase in pulmonary capillary blood volume. 6 A later effect of

endotoxin is believed to be the development of intracapillary clotting.7

The possibility exists that the Serotonin effect on the pulmonnry venous

circulation is of relatively short duration and is superceded immediately

by the effect of intracapillary clotting end a fall in Vo due to a diminished

capillary bed in the lung.
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These preliminpry studies indicate that if erdotoxin causes a

Scrotoriin-like effect on the lung,, it is of short duration and diffusion

studies must be done immediately after the endotoxin is administered to

demonstrate it. Furthermore, there is a rapid rise in hematocrit after

endotoxin and it will have to be measured frequently in order to get accurate

diffusion results. The hematocrit of Dog V rose from a control of 48 to a

high of 64 toward the end of the study. Both of the post-endotoxic results

were based on a hematocrit of 64 but at the time of the first study it was

probably a good deal lower. The late effect of endotoxin on the lung after

the blood pressure has returned to normal is also planned for study.

Figure II shows the relationship of DL to Vrbc in 24 control studies,

in six studies of acute hypovolemic shock and in six of irreversible shock

"reported previously. The line of maximal DL120 has a slope of 1.4 which

is the "diffusing capacity" of 1 ml. of REC directly exposed to alveolar air.

The experimental data show that the RBC in pulmonary capillaries have a

scom'ewhat lower "diffusing capacity". DL/Vrbc - Drbc, averages .85 t 16 ml./

min./mm. Hg./ml. RBC for the experiments in Figure IL. The shaded area in

Figure II would then correspond to increased membrane thickness.

2. Studies in humans.

The effect of varying lung volume (VL) on the pulmonary-capillary blood

volume (Ve) and the membrane-diffusing capacity (DT) was studied in twelve

normal volunteers. The purpmee of this study was to set n standard. for

evaluating results in n(utoly ±f•lwpcicts who might be unrble to hold their

breath at total lung capacity.



Method

Twelve normal volunteers wore studied, ages 18 to 51. Their biometric

data was obtainod and is shown in Table II. Vital capacity and timed-

vital capacity were measured eith a Gaensler vitalometer and the residual

volume by the closed-circuit helium dilution method. Total blood volume

and hematocrit were determined in seven subjects by the radioactive albumin

technique. The diffusion capacity (DL) was measured by the single-breath

method using carbon monoxide, as modified by Foster et al.9  The subject was

asked to perform a complete expiration, followed by inspiration of the test

gas and ten seconds of breath-holding. This was follo-.w.d by a rapid

expiration from which an alveolar sample was collected. In each subject the

lung volume at which the breath was held was approximately at totpl lung

capacity and at approximately two-thirds of total lung capacity. Two

subjects were rCIso studied at one-third of total lung capacity. Three gas

mixtures were used as in previous studies, all containing . 3 per cent

carbon monoxide, 10 per cent helium but with 20, 50 or 90 per cent oxygen.

The balance was nitrogen. A box-bnlloon spirometer permitted the recording

of inspired volume, breath-holding time and dead-space washout volume. The

alveolaT gas samples were analyzed as in previous studies and DL, Vo and DM

calculated by methods described previously.2 Duplicate measurements of DL

were made with each gas mixture and at each lung volume. The volume of red

cells in the lung capillaries (Vrbo) was estimated from the pulmonary-

capillary blood volume and the hematocrit, end the ratio of diffusion

capecity to the volume of red blood cells (Drbc) was calculated.

J~ I=



Results 5

In Table III are listed the values of D., Vc and Dm at the varying

lung volumes. In general DL and Ve decreased markedly with decreasing lung

volume while DT was not altered significantly.

Figure III demonstrates the percentage relationshir of Vc to lung

volume for each individual, comparing himself to his best performance. It

is notod that Vc fal. proportionately as lung volume decrease do The fall

in DL with decreasing lung volume was relatively less than that of Vc.

However, when DL and Vc were compared to the lung volumes in absolute values,

a proportional relationship was shown in both instances, as demonstrated

by Figures IV and V. The results of a similar analysis for Dim indicated

the absence of my meaningful trend.

Table IV is another representation of the relationship between the

diffusion data and the lung volume. It indicates that the amount of

capillary blood per liter of lung volume remains constant as the lung

volume changes, averaging 13.5 ml. per liter of lung volume, but both

DL and Dm per liter of lung volume decreased A~th increasing lung volume.

Discussion

This stud confirms the large changes in DL that are induced by

changing lung volume10 and it demonstrates that a proportional increase

in aspillary-blood volume is the dominant mechanism of the D changes.
The volume dependence of D is of practical importance for the definition

of normal values and the appreciation of pathological changes when using

the standard single-breath teohnique. Differences in the proposed

1.

Io
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prediction formula may result, not only from the relatively small number of

subjects usually studied and the possible difference in analytic techniques

but also from unequal efforts to reach total lung capacity. Vc increases

proportionately with increasing lung expansion and this implies that the

capillary bed expands at the same rate as the alveoli augment in size and

number. Opposite changes have been observed in isolated lung preparationsIU

and no sure explanation can be offered at present for this difference. The

lung volume dependence of Vc limits the significance of its relationship to

total blood volume as seen in Table IV unless VL (lung volume) is known.

The amount of capillary blood per liter of lung volume appears to offer a

better index of the total perfusion of the lungs. Our predicition formula,

Vc equals 13.5 ml. per liter of lung volume applies generally to any lung

volume.

The absence of arn change in average Dm when the lungs are distended

from 65 to 95 per cent was somewhat surprising. It implies that the alveolar

membrane is left unaltered or that any increase in its surface area is can-

celled by an increase in its thickness. We favor the latter mechanism on
2

the basis of our previous observations, which support the hypothesis that

the alveolar membrane is useful for gas exchange only where it is in contact

with red blood cells, In this hypothesis a rise in Vrbo is synomous with

an increase in effective surface area and a fall in Drbc with an increased

thickness of the membrane. Both changes are observed with progressive

distension of the lungs and the composition of the two effects accounts for

pattern of changes in D. It omm for the behavior of Ve and Da with

I, i
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increasing lung volume could be found in a concomitant increase in the

surface tension of the alveolar lining which would induce the opening of

capillaries and exudation of fluid within the membrane.12 The rapid

degradation of this surfactant material when exposed to air in vitro may

then offer an explanation f or the different behavior of Vc in isolated

lungs.

We believe that the amount of capillary blood per liter of lung

volume may prove to be an important parameter for study since it does not

change under normal conditions with variations in lung volume. It

establishes a solid basis for comparison with studies carried out during

shock or other pathologic states.



TAIZE I

flfFFl I0N IN E12DO0T0C SHOCK
COOTROL AFTER E=DOTOXIN

DOG DL120 VC BM Vrbo DL/Vrbe DLI20 Vo M Vrbo DLrbc

I 18.8 57 29 28 .67 31.6 20 46  10 1.6

11 17 33 34.5 16.5 1.03 19 16 Inf. 8 2j,

I11 33 85 61 40 .81 22 31 In. 17 1.3

IV 24 72 51 28 .85 17 32 103 14 1.2

V 18.7 34 98 16 1.17 *16 52 18 33 .48

14 17 Inf. 11 1.3

Underlined results are based on assinng the hematocrit remained unchanged
Lin cndotoxio shock. The changes, however, are uir4lar to those seen in tha
other azimmls.

DLM20

DMC - ml.U

Vrbo a /
ai. Hg.

In. a Infinity

* a I~ediately followi~ng Endotoxdin
w* 3$1 - 30 minutes after 1dotoxin



TABLE II

Biometric data for 12 normal male volunteers. Age in years, height

in meters, weight in Kg; vital capacity (VC) and total lung capacity

(TIe) in 2.ters B?'.P3 one-second timed vital capaowty (TVC) and

residual volume to total lung capacity ratio in per aent. Totall

blood volume (TBV) in 31ters and heatocrit (Hot) in per cent.

A~ge Height weight CT IC TBV
TVC RV/'IC Hot

G.M. 18 1.78 69 *.61 5.74 4..1
86 20 =49

E.G. 23 .92 96 6.75 8.43 6.09
78 20 49 .

J.R. 28 1.73 75 6.18 7.68 4.72
80 20 146

0.?. 31 1.88 714 6.92 8.97 5.29
70 23 146

S-1. 31 1.6S 69.. 4.59 5.73 5,29
To23 146

RJ. 32 L78 71 5o10 6.04
87 3."

0,C4 34 .78 1J -. 5D. 6.8-'- 6 87few*-.
80 34

10. 314 1.90 93 6.85 8.30
67 21

LT. 35 1.77 74 06 '6.78 5.30
S25 45

J.C.. 39 1,83 91 5.05 6*90 5.19
72 27 148

R.C. 414 1.814 105 5,02 7,13
83 27

W. 51 L82 6? 3.38 6.08 g
70

II iI

\I



TABIE III

Diffusion data for 12 normal male volunteers, The lung volumes (VL)

are indicated, in per cent of tqtal lung capacity (TIe). DL is the _

diffusin•• capacity of the lungs in ml/nin/1mm Hg, Vc the pulmonary

igpillary blood volmtas in ml and Dm the diffusing capacity of the

alveo1w merbrane in ml/min/mm Hg.

1/3 TLC 2/3 TLC TIL

V DL . VO D v D Vv DTL Vo D= i

G.I. 63 34 92 60 95 44 : .09 105

E.G. 59 24 52 70 99 47 ,,, 200

J.R. 70 30 78 65 92 34 109 60

C.p. 57 35 76 100 96 47 137 90

s.i. 64 22 50 70 95 27 74 60

R.K. 36 19• 29 80 74 24 55 50 90 31 65 75
Ce

0.G. 54 30 49 .210 97 46 12o ico

W.G. 34 19 37 50 60 27 50 150 94 4O 93 200

_. j . .. 66 30 82 60 9 1 nl *1 85I. --. ,• ..--. -,

J.c. 67 24 45 100 95 28 106 L5

R..79 37 63 250 96 41l 74 200

w.H. 67 18 34 70 98 26 51 90

319 365 65 28 60 103 95 38 94 I09

+ S t7 t7±W18 58 t±2 t9 ±W±66

A - - ,. I-, N• ]m



TABLE 'IV'

Diffusion data per liter of lung volumre (VL) at tiwee different fr=ntioL

of total lung, cap~ity (TWc) D PVc and Ll az- in Table II. The rst~io of

pulmon•ry capillary blood volume to total blood volume (Vc/TlBV) is also

ind•icc:.ed. The figures are mea= values - stand•rd deviation.

DDL/VL 7.8 +6,2 5.6
i-A-1.3

VOPJVL 13 1 1

Ih/VL 28 23 16
!12-7

VctBV 1+ 3- +-
-0.3 -0.4 .

* -- _* - . - - -l *, s

t ,

i %



CHANGE IN DLVc AND Vrbc IN ANEMIA
AND SHOCK

ACUTE IRREVERSIBLE EARLY PROLONGED
ANEM.A SHOCK SHOC:; RETRANSFUSION ANESTHESIA

NO.. 6 6 6 4 3

30-

_ _ _ _ _ _ _, _ _ _ ... ii
. D:FFUSION CAPACITY (DL)
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